Abstract
Introduction
Diamond is an extraordinary material with excellent properties such as high optical transparency, corrosive resistance, a wide electrochemical potential window and biocompatibility. With recent advanced technologies such as microwave plasma-enhanced chemical vapor deposition (MW PECVD), nanocrystalline diamond (NCD) thin films can be grown on various substrates at lower temperatures and pressures and reduced costs from cheap hydrocarbon precursors. 1, 2 Furthermore, the films can show p-type conductivity by doping with boron. High boron doping ratios afford metallic conductivity with a specific resistivity as low as 0.005 Ω cm. This has opened up various technological applications for boron-doped nanocrystalline diamond (B:NCD) thin films. They have for instance been used as efficient transducers for sensors. [3] [4] [5] [6] [7] B:NCD thin film electrodes decorated with metal nanoparticles have shown catalytic effects in the reduction of CO 2 and alkenes, 8 the oxidation of methanol, 9 and the degradation of environmental pollutants. 10 Recently, boron-doped diamond nanoparticles have been produced from CVD diamond films. 11 These nanoparticles not only are conductive due to boron doping but also have high surface-to-volume ratio owing to their very small size. This new interesting diamond material may be applied for a broad range of applications. Despite these advantages, the major downside of diamond is the low reactivity of its surface, which makes the direct attachment of functional organic molecules quite challenging. This difficulty can be overcome by using photochemical attachment techniques, 12 diazonium coupling, [13] [14] [15] or plasma treatment. 16 Post-modification of the diamond surface with (other) organic moieties can then be carried out employing various efficient chemical reactions. 14, 15, [17] [18] [19] The first report on dye sensitization of p-type semiconductive diamond electrodes was published in 1999 by Fujishima et al. 20 Photocurrent was observed when a synthetic semiconductive p-type diamond electrode was photosensitized by the Ru(bpy) 3 2+ (bpy = 2,2'-bipyridine) molecule in an electrolyte solution. More recently, robust covalent linking of Ru(tpy) 2 (tpy = 2,2':6',2"-terpyridine) dye molecules onto a boron-doped diamond (BDD) surface has been demonstrated. 18 The electronic structure of the obtained films was systematically probed by spectroscopic techniques. 21 The HOMO level of the Ru(tpy) 2 dye was found to be 0.9 eV lower than the valence band maximum (VBM) of BDD, prompting the authors to suggest a possible facile hole transfer 3 from Ru(tpy) 2 to BDD. This result could pave the way to employ dye-sensitized BDD as an electrode in dye-sensitized solar cells (DSSCs).
The N3 dye [cis-bis(isothiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II)] ( Figure   1 ) is one of the most efficient sensitizers used in DSSCs. 21 The dye has a large molar extinction coefficient in the visible region and is more widely used than Ru(tpy) 2 and Ru(bpy) 3 2+ .
Sensitization of the N3 dye with n-type semiconductors has been reported before. [22] [23] [24] [25] attributed to strong interfacial C-C covalent bonding. To the best of our knowledge, covalent attachment of the N3 dye on p-doped B:NCD thin films has not been performed so far. To obtain insights whether B:NCD could be a possible hole conductor when sensitized with N3 molecules, first of all covalent attachment of the N3 dye on a B:NCD surface has to be established.
Herein we report a strategy to covalently attach the N3 dye on B:NCD thin films using a combination of coupling chemistries. The B:NCD surface is first functionalized with 4-bromophenyl groups by diazonium coupling. Suzuki cross-coupling is then applied to couple 4-aminophenylboronic pinacol ester to the bromophenyl moieties to obtain (1,1'-biphenyl)-4-amine groups on the B:NCD surface, and finally the amine functions are used to attach the N3 dye through EDC-NHS coupling. Wet chemical functionalization in solution is preferred here over physical plasma treatment to obtain a more homogeneous surface. Moreover, the use of this method can easily be extended to functionalized particles, including the nano-sized boron-doped diamond mentioned above. 11 After each functionalization step the surface composition is analyzed by X-ray photoelectron spectroscopy (XPS). Ultraviolet photoelectron spectroscopy (UPS) and near-edge X-ray absorption fine structure spectroscopy (NEXAFS) are used to 
Experimental

Chemical Reagents
Commercially available chemicals were purchased in the purest grades available and used without further purification. 
Diamond Growth
Heavily boron-doped nanocrystalline diamond thin films (150 nm) were grown by microwave plasma-enhanced chemical vapor deposition from methane/hydrogen mixtures (1% CH 4 ) in an ASTeX 6500 reactor. The substrates used were 1 × 1 cm fused silica. The growth conditions were as follows: substrate temperature 700-900 °C, total gas flow 500 sccm, total pressure in the reactor 30 Torr, microwave power 3500 W. Trimethylborane gas was added during the growth with a ratio of 10000 ppm B/C (with respect to CH 4 ) to ensure good electrical conductivity. 30 Sheet resistance (Rs), as measured by a four-point probe measurement, was 207 Ω/sq, which agrees well with the typical value for boron-doped NCD grown at this conditions. 27, 30 Prior to the diamond growth, the fused silica substrates were cleaned for 15 min each in RCA Following this, the cleaned fused silica substrates were seeded with nanodiamond powder in water to improve the nucleation density. After deposition, the diamond samples were allowed to 
Hydrogenation
Hydrogenation was performed using the same PECVD reactor (ASTeX 6500). To create a hydrogen-terminated surface, all diamond samples were treated with hydrogen plasma under the following conditions: i. 500 sccm of hydrogen flux, 30 Torr reactor pressure with 3500 W microwave power for 2 min; ii. 500 sccm of hydrogen flux, 15 Torr reactor pressure with 2500 W microwave power for 5 min. At the end of the plasma treatment, the microwave power was switched off and the samples were allowed to cool down under hydrogen flux for 40 min.
Diamond Surface Functionalization
Functionalization of the diamond surface with 4-bromophenyl groups was carried out by simply immersing the hydrogenated B:NCD samples into a solution of 4-bromobenzenediazonium tetrafluoroborate (5 mM) in 0.1 M HCl for 120 min. 14 After surface modification, the substrates were sequentially rinsed and sonicated in ultrapure water, THF and n-hexane to remove any physisorbed molecules.
All preparations for the Suzuki cross-coupling reactions were performed in a glovebox. A 15 mL ACE pressure tube (Sigma Aldrich) containing a magnetic stirring bar and 4-bromophenylfunctionalized B:NCD was charged with 4-aminophenylboronic acid pinacol ester (20 mg, 100 µmol), 10 mol% tri(o-tolyl)phosphine (3.1 mg, 10 µmol), cesium acetate (19 mg, 100 µmol), 5 mol% palladium(II) acetate (1.1 mg, 5 µmol), and 5 mL of THF. The resulting mixture was then heated at 80 °C for 18 h. After the reaction, the substrates were sequentially rinsed and sonicated in methanol, THF and n-hexane to remove any physisorbed molecules.
The N3 dye was coupled onto the (1,1'-biphenyl)-4-amine-functionalized B:NCD films through EDC-NHS coupling. To this extent, the N3 dye (37 mg, 50 µmol) was dissolved in 2 mL of absolute ethanol. In a separate vial, EDC (38 mg, 200 µmol) and NHS (58 mg, 500 µmol) were dissolved in 3 mL of ultrapure water. The resulting two solutions were mixed together. The (1,1'-biphenyl)-4-amine-functionalized B:NCD films were then submerged into this solution for 5 h at room temperature. After the reaction, the functionalized diamond samples were sequentially rinsed and sonicated in ethanol and water to remove any physisorbed molecules. 
Photoelectron Spectroscopy
Photoemission experiments were carried out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum with a base pressure of 1x10 -10 mbar. The measurement chamber is equipped with a monochromatic Al K X-ray source and He discharged lamp providing photons with 1486.6 eV for XPS and 21.22 eV for UPS, respectively. The XPS experimental conditions were set as such that the full width at half maximum of the clean Au 4f 7/2 line is 0.65 eV. The total-energy resolution of the measurements in UPS, determined by the Fermi edge of clean gold, is about 0.1 eV. All spectra were measured at a photoelectron take-off angle of 0° normal emission. The UPS spectra have been corrected for the contributions from He I satellites radiation.
Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)
Polarized X-ray absorption spectroscopy measurements were performed at the beam line D1011
of the MAX-II storage ring, located at the MAX-Laboratory for Synchrotron Radiation Research in Lund, Sweden. The energy resolution was about 100 meV at photon energy close to the C-K edge. The absorption spectrum was collected in the total electron yield mode by measuring the sample current. Simultaneously, the absorption spectrum with partial electron yield was also recorded by a multi-channeltron plate (MCP) detector with a bias of -100 V to screen the electrons with lower kinetic energy. The raw data have been corrected for the energy dependence of the incident X-ray beam and subsequently normalized to have the same absorption edge step well above the threshold.
Photoelectrochemical Measurements
Photoelectrochemical measurements were performed in a N 2 -saturated 0. film into an acidic solution of 4-bromobenzenediazonium tetrafluoroborate for 2 hours. Previous studies have already shown that diazonium salts can be coupled spontaneously to hydrogenated diamond surfaces due to direct charge transfer between the hydrogenated diamond -with negative electron affinity -and the diazonium cations.
14 Spontaneous coupling provides a better control of the thickness of the organic layer compared to electrochemical grafting. 31 A monolayer of 4-bromophenyl groups can be attained by spontaneous coupling. 14 The bromoaryl-functionalized diamond film can then react further via Suzuki reactions.
14,17
Suzuki-Miyaura cross-coupling of 4-aminophenylboronic acid pinacol ester to the prefunctionalized B:NCD creates a layer of (1,1'-biphenyl)-4-amine groups on the B:NCD surface. The selection of an efficient catalytic system is of great importance to achieve high coupling yields in transition metal catalyzed cross-couplings. 32, 33 Best results were obtained for a Pd(OAc) 2 -P(o-tol) 3 catalytic system compared to other systems using Pd(PPh 3 ) 4 or Pd(dppf)Cl 2 .
Finally, EDC-NHS coupling of the N3 dye to the (1,1'-biphenyl)-4-amine groups was carried out in an ethanol/water mixture.
Surface Composition by X-ray Photoelectron Spectroscopy
After each functionalization step, the variation of the surface components is a key parameter to assess the success of the functionalization process. XPS is a powerful tool to probe the surface composition of materials. Successful cross-coupling was confirmed through the corresponding N 1s spectra, as shown in Figure 3b . The N 1s spectrum of the amino groups of (1,1'-biphenyl)-4-amine-functionalized B:NCD exhibits a peak at 400 eV, which is in agreement with earlier reports. Upon final functionalization with the N3 chromophore, new XPS spectral features clearly appear, as indicated in Figure 4 , consistent with the chemical structure of the dye. The XPS peak at 281 eV, which corresponds to Ru 3d 5/2 , can be considered as a fingerprint of the N3 dye, since each dye molecule introduces one Ru atom. 35 Furthermore, the other elements in the N3 dye with different chemical environment are also clearly demonstrated in the XPS results. 36 For instance, there are two kinds of nitrogen species in the N3 dye, one from the four pyridine groups and another one due to the two isothiocyanate groups. 35 The splitting of the N 1s peak can be clearly observed, with two components included in the N 1s spectral feature. The shoulder at lower -NH 2 binding energy (399 eV) can be assigned to the N=C=S groups, 35, 37 whereas the sharp peak at higher binding energy (400 eV) can be attributed to the four pyridine units. 35, 36 Due to the additional contribution to the N 1s signal from the amide linkage to the N3 dye, the spectral weight ratio of the components at higher and lower binding energy is slightly different from the ratio observed in the pure N3 dye. Furthermore, the sulfur atoms of the isothiocyanate groups are also observed at 163 eV (S 2p peak). 35, 36 The observed broad O 1s peak is due to several oxygen species in the N3 dye and surface adsorption of oxygen from the environment before XPS characterization. functionalized B:NCD thin films compared to other relevant elements such as C, O, and S. Based on the core-level C 1s spectrum with the Ru 3d peak at 281.1 eV, and considering the following assumptions: 19 1) The Ru 3d photoelectrons at the topmost surface do not experience scattering. 2)
Carbon from the initial layer and from underlying NCD can be treated as being equivalent in the contribution of the C 1s signal.
3) The inelastic mean free path of the C 1s photoelectron is 2 nm.
4) The number density of carbon atoms in NCD is 1.66×10 23 atoms/cm 3 . 5) The areal density of carbon is 3.32×10 16 atoms/cm 2 (NCD mass density ~ 3.3g/cm 3 ), the XPS area ratio can be expressed as:
Taking into account the atomic sensitivity factors of Ru 3d 5/2 and C 1s and the spectral weight of C 1s and Ru 3d, the surface coverage of N3 dyes on the B:NCD thin films was determined to be 3×10 14 Ru/cm 2 . This corresponds to 3 Ru/nm 2 , which indicates that the N3 dye forms a quite dense film on the B:NCD surface.
Ultraviolet Photoelectron Spectroscopy (UPS)
UPS is a powerful tool to directly probe the electronic properties of the valence band of materials. Figure 5 illustrates the UPS spectrum of N3 dye-functionalized B:NCD compared to the pure N3 dye. It can clearly be seen that the functionalized B:NCD film reproduces the spectral features of the pure chromophore. When the UPS intensity is plotted on a logarithmic scale, the weak valence band feature can be clearly distinguished. The first valence band peak appears around 2.0 eV in both the functionalized and pure samples. The second peak at ~4 eV was only observed in the functionalized diamond sample, which could be due to the interaction between the dye and the B:NCD substrate. 
Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)
When we turn to the empty states of the N3 dye-functionalized B:NCD film, as obtained from NEXAFS measurements (Figure 7) , it can be seen that there are some clear spectral features in the C 1s absorption spectrum. There are two distinguished peaks around 285 eV, a shoulder at ~287 eV, and another three peaks up to a photon energy of 290 eV. As indicated by the XPS data, the N3 dye can form a film on the B:NCD surface with high coverage. The spectral features related to the B:NCD thin film are hence completely suppressed. On the other hand, when compared with the NEXAFS spectrum of the pure N3 dye, the influence of the B:NCD thin film upon the spectral features of the empty states of the N3 molecule can be extracted. The spectral features related to the N3 dye appear at higher photon energy, for instance between 287 and 290 eV ( Figure 7 ). All absorption peaks are at approximately the same position in both the functionalized B:NCD sample and the pure N3 dye. A significant change was observed on the 
Photoelectrochemical Measurements
As a proof of concept, photoelectrochemical measurements were performed using either a 
Conclusions
In conclusion, we have shown that N3 dye molecules can be covalently attached onto boron- 
